Abstract. Gastric cancer is one of the most common and lethal malignancies worldwide. Bone metastases in gastric cancer are less common than in other solid tumors, but when they occur the prognosis is generally poor. Increased osteoclastogenesis and osteoclast activity are common features in bone metastases caused by different osteotropic cancer. We investigated osteoclastogenesis and its mechanisms in gastric cancer by enrolling 31 newly diagnosed gastric cancer patients and 45 healthy controls. We studied in vitro osteoclastogenesis in the peripheral blood mononuclear cell cultures of patients and controls, showing spontaneous osteoclastogenesis for half of the patients. This osteoclastogenesis was RANKL-and TNF-α-independent. We analyzed primary tumor and bone metastatic tissues of gastric cancer for the expression of genes involved in osteoclastogenesis. The expression of transforming growth factor-β (TGF-β), osteoprotegerin (OPG), IL-7 and dickkopf-1 (DKK-1) was higher in primary tumors than in bone metastases. RANKL was not detectable in primary tumor or in bone metastatic tissue. The serum RANKL level was significantly higher in healthy controls than in patients, and it was not related to osteoclastogenesis, thereby suggesting that RANKL is not involved in the bone metastatic mechanisms in gastric cancer. We hypothesized a role of RANKL in angiogenesis, thus we compared the serum levels of RANKL to those of VEGF, since VEGF is directly related to angiogenesis. Different from RANKL, the VEGF serum levels were higher in gastric patients than in controls, suggesting a block of the angiogenesis inhibition due to RANKL. RANKL and VEGF serum levels were not predictive of overall survival in our cohort of gastric patients.
Introduction
In spite of the marked spontaneous decline in the incidence of stomach cancer in most Western countries, in Asia it remains the second most common type of cancer, following lung cancer, and accounts for 13% of all tumors (1) (2) (3) . In Italy, the 5-year relative survival rate is approximately 30% (4) . Although surgical techniques have improved, only a small percentage of patients are diagnosed with a localized disease amenable to surgery (5) . The outcome of patients with clinically advanced disease is usually poor although new chemotherapeutic regimens are available. Bone metastases in gastric cancer are rare and they usually appear late in the natural history of the disease; however, micrometastatic seeding in the bone may be evident in the early stage of the disease (5) . Nevertheless, when these metastatic lesions occur, the prognosis is poor, as they can cause bone marrow suppression, anemia, cord compression and intravascular coagulation and can quickly lead to mortality (6) . In early gastric cancer, a poorly differentiated carcinoma and the presence of signet-cells seem to be associated with bone metastases (7) . The mechanism of bone metastases in gastric cancer remains to be clarified, since there are currently different hypotheses concerning the metastatic spread to the bone, such as through portal vein, lymphatic channel (7) and vertebral vein system (8) . In general, gastric cancer bone metastases result from a diffuse metastatic spread in the bone marrow, most frequently localized in the thoracic and lumbar vertebrae (9) , and they are osteolytic or, less commonly, mixed osteolytic/osteoblastic.
In osteotropic tumors such as breast, prostate and lung cancer, osteoclasts (OCs) are mainly responsible for bone destruction in patients with metastatic bone disease. Several molecules have been identified as the mediators of bone metastases in solid tumors, for example the RANK/RANKL/ osteoprotegerin (OPG), TNF-α and PTHrP system (10) (11) (12) . In addition to the known role of RANKL in the skeletal and immune systems (13) , recent studies also reported a role of RANKL in angiogenesis. Certain authors support an inhibitory role of RANKL (14, 15) , whereas others showed a stimulating action on angiogenesis (16) . Contrary to RANKL, VEGF is known as a potent mitogen angiogenic factor and is one of the most important molecules involved in the vascularization of bone tissue (17) , thus its serum levels are considered an index of angiogenesis. Moreover, increased VEGF serum levels are associated with a poor clinical outcome in gastric cancer (18) .
In this study, we examined the mechanisms of bone metastases by gastric cancer investigating the presence of spontaneous osteoclastogenesis in vitro, the expression of genes involved in bone metastasis by gastric tumor tissues and any correlations among the serum levels of RANKL, VEGF and clinical parameters in our cohort of patients.
Materials and methods
Patients. Between October 2008 and February 2011, we collected blood samples and sera from 31 consecutive newly diagnosed gastric cancer patients at the San Giovanni Battista Hospital in Turin. We also collected samples from 45 healthy controls. The study design was approved by the Ethics Committee of the hospital. Clinicopathological data for all patients were collected in a database.
Cell cultures. Peripheral blood (PB) samples were obtained from 16 gastric cancer patients and 19 healthy controls, processed as previously described (19) . Briefly, peripheral blood mononuclear cells (PBMCs) were isolated following centrifugation over a density gradient, according to the Ficoll method. The number of PBMCs retrieved from the blood samples varied among patients and controls, thus it was not possible to perform all the experimental procedures on all the enrolled patients and controls. PBMCs were plated in 24-well plates, using α-minimal essential medium (α-MEM; Invitrogen, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum, benzylpenicillin (100 IU/ml) and streptomycin (100 mg/ml; Lonza, Basel, Switzerland) and maintained at 37˚C in a humidified atmosphere of 5% CO 2 . To obtain fully differentiated human OCs, PBMCs were cultured in the presence or absence of recombinant human M-CSF (25 ng/ml) and RANKL (30 ng/ml), for 15 days. In 8 independent experiments, PBMCs were cultured in the presence of increasing concentrations of RANKFc (30-50 ng/ml) and anti-TNF-α (1.5-3-5 mg/ml; PeproTech, London, UK).
At the end of the culture period, cells were stained for tartrate-resistant acid phosphatase (TRAP, kit supplied by Sigma-Aldrich, St. Louis, MO, USA) and OCs were identified as TRAP positive, multinucleated cells, containing three or more nuclei.
Assay of bone resorption activity. To study OC resorbing activity, PBMCs from patients and healthy controls were plated on a BioCoat osteologic bone cell culture system provided by BD Biosciences (Bedford, MA, USA) and cultured for 20 days. In order to visualize pits formed by OCs, the cells were removed by washing each well with NaOCl and resorption lacunae were identified by light microscopy. The quantification of resorbing area was performed by a semi-automated image analyzing system (20) .
Real-time quantitative analysis of TGF-β, OPG, DKK-1, SOST, RANKL and IL-7 gene expression.
Total RNA was extracted by the TRIzol system (Invitrogen) from surgically resected primary tumor and bone biopsies from patients previously diagnosed with bone metastasis by gastric cancer. The first-strand cDNA synthesis was performed as previously described (21) .
Quantitative analysis of transforming growth factor-β (TGF-β), osteoprotegerin (OPG), dickkopf-1 (DKK-1), sclerostin (SOST), RANKL and IL-7 were performed with real-time quantitative PCR (RQ-PCR) using β-actin as the housekeeping control. RT-PCR was carried out using the iCycler iQ™ system (Bio-Rad, Hercules, CA, USA). TaqMan probes were designed using Primer Express v2.0 software and synthesized by Applied Biosystems. The sequences of the probes and primers were previously described (22) . All the probes were labeled at the 5'-end with 6-carboxyfluorescein (FAM) and the 3'-end with 6-carboxytetramethylrhodamine (TAMRA). Reactions for gene quantification were performed in a 25-µl final volume with 2 µl of sample cDNA, 1X iQ Supermix (Bio-Rad), 0.3 µM of each primer and 0.4 µM of the probes. PCR primers were the same as those used for gene cloning. The amplification conditions for quantization were: 95˚C for 15 min, 50 cycles at 95˚C for 15 sec, 58˚C for 1 min.
ELISA. The serum levels of total RANKL (Biomedica Medizinprodukte GmbH and Co. KG, Vienna, Austria), IL-7 (BenderMed Systems, Vienna, Austria) and VEGF (R&D Systems, Abingdon, UK) were determined by a commercially available ELISA kit according to manufacturer's instructions in all patients and healthy controls. Samples were assayed in duplicate and data were expressed as mean values.
Statistical analysis. The characteristics of the patients were described using medians and range for the continuous variables and using percentage frequencies for the categorical variables. We performed the Mann-Whitney test to assess difference of number of culture between patients and controls, difference of gene expression between primary tumor and bone biopsies, and difference of RANKL and VEGF between patients and healthy controls. Crude survival probabilities were estimated with the Kaplan-Meier method. The survival time was months since cancer diagnosis. A Cox proportional hazard model was employed to estimate the crude and adjusted hazard ratios (HRs) and 95% confidence intervals. Analyses were performed using Stata 11.2.
Results
Patients. Among 31 patients newly diagnosed with gastric cancer, 16 patients had a localized disease and were subjected to surgery and 15 had a metastatic disease. The main clinical characteristics of the patients are summarized in Table I .
Evaluation of spontaneous osteoclastogenesis in vitro and
OC activity. OCs spontaneously differentiated in vitro without the addition of M-CSF and RANKL (spontaneous osteoclasto-genesis) in half of the analyzed patients (8/16 cases), whereas with PBMC derived from the other 8 patients, OCs only originated after the addition of exogenous factor (Figs. 1 and 2) . Gastric patients showed an increase of spontaneous osteoclastogenesis compared to healthy controls, but it was not statistically significant (p=0.11) (Fig. 1) .
The analysis of OC activity revealed that it did not increase in patients compared to controls; indeed, we did not observe significant variation in the percentage of resorption (data not shown). Since osteoclastogenesis is commonly dependent on RANKL and TNF-α, we tested the effect of an anti-TNF-α antibody and RANK-Fc in PBMC cultures, showing that osteoclastogenesis was not inhibited, thus it was not dependent on these two factors (Fig. 3) .
Expression analysis of genes involved in osteoclastogenesis.
In order to investigate whether gastric cancer cells expressed genes which regulate osteoclastogenesis, we analyzed the expression of TGF-β, RANKL, OPG, DKK-1, SOST and IL-7 in primary and bone metastatic gastric cancer tissues. TGF-β, OPG and DKK-1 were higher in the primary tumors than in the bone metastatic lesions. SOST was only expressed in the bone metastases, while IL-7 was only expressed in primary tumors (Table II) . RANKL was not detectable in either tissue. 
Serum level of IL-7, RANKL and VEGF.
In previous studies on bone metastases by solid tumors, we demonstrated a role of IL-7 in promoting osteoclastogenesis (23) . Thus, we administered IL-7 serum levels in 31 gastric cancer patients. Unlike other osteotropic tumors, such as lung cancer, in gastric patients IL-7 levels were not significantly different between patients with and without spontaneous osteoclastogenesis (the median values were 10.1 and 12.8 pg/ml, respectively). Serum RANKL levels were significantly higher in healthy controls than in patients (median, 12635.40 and 7772.80 pg/ml; range, 818.7-53898.50 and 1643.00-43245.40 pg/ml, respectively; p= 0.03) (Fig. 4A) . We did not observe any correlation between serum RANKL and the presence of spontaneous osteoclastogenesis, confirming the RANKL-indipendence of the detected osteoclastogenesis in vitro. The serum VEGF level was higher in patients than in healthy controls, but the difference was not statistically significant (median, 304 and 252 pg/ml; range, 38-1064 and 39-1151 pg/ml, respectively; p=0.14) (Fig. 4B) .
Analysis of prognostic value of RANKL and VEGF.
In order to evaluate the prognostic value of RANKL and VEGF, we calculated the overall survival (OS) of 31 patients who were diagnosed with gastric cancer when the blood sample was Table II . Expression analysis of genes involved in osteoclastogenesis. Box plot displaying the outliers, the extremes, the upper and lower quartile and the median.
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collected. As there is a lack of information regarding RANKL and VEGF values, the median value of serum RANKL and VEGF was chosen as cut-off for the analyses. OS at 12 months was 0.50 (95% IC, 0.30-0.67) (Fig. 5) . On multivariable Cox analysis, RANKL and VEGF (adjusted for metastatic status) were not predictive of OS (RANKL, HR, 1.10; 95% IC, 0.38-3.19; VEGF, HR, 1.19; 95% IC, 0.41-3.44). These results were also confirmed when adjusted for age and using RANKL and VEGF as continuous variables.
Discussion
One of the main characteristics of osteolytic bone metastasis is the increase of OCs and their activity. We studied the spontaneous osteoclastogenesis in in vitro cultures of PBMCs derived from gastric cancer patients. Spontaneous osteoclastogenesis was observed in half of the patients. Moreover, unlike other osteotropic solid tumors such as breast and lung cancer (19, 24, 25) , in gastric cancer the osteoclastogenesis was independent of RANKL and TNF-α. We consider that other molecules could be involved in the stimulation of osteoclasto genesis, such as IL-11, which has been reported to support human osteoclastogenesis with IL-6 by a RANKLindependent mechanism (26). Moreover, IL-11 is key in gastric damage, mucosal repair and gastric cancer progression (27, 28) . Since the detected osteoclastogenesis did not correlate with the presence of bone metastases, we suggested an alternative hypothesis to explain it, considering a potential relationship between an increased osteoclastogenesis and the gastric acid levels, which are known to affect OC activity (29) . We observed that some patients with increased osteoclastogenesis also showed chronic gastritis and referred to taking proton-pump inhibitors (data not shown). Although this requires further investigation, it might be possible that hypochlorhydria induced by drugs is responsible for the stimulation of OC resorption activity, leading to an increase of osteoclastogenesis in vitro.
To elucidate the production of molecules stimulating osteoclastogenesis by gastric cancer cells, we analyzed the mRNA expression on primary tumors and bone metastases of gastric cancer. TGF-β was higher in primary tumor than in bone metastatic samples. TGF-β is released in active form by bone matrix, upon tumor-induced osteoclastic bone resorption. It stimulates bone metastatic cells to secrete factors that further drive osteolytic destruction of the bone adjacent to the tumor (30) . Our result is in accordance with a previous study, reporting an increased TGF-β expression in gastric cancer, which is closely related to invasion and metastasis (31) .
IL-7 was mainly expressed in the tumor tissue of gastric cancer patients, but its mean serum level was not significantly different between patients with or without osteoclastogenesis. This result differs from our previously published data on osteotropic tumors, where we demonstrated that IL-7 was high in patients with spontaneous osteoclastogenesis, as it stimulated OC differentiation through RANKL (23) . In the present study, in gastric cancer, we did not show the same mechanism since RANKL did not promote osteoclastogenesis. Furthermore, we did not detect RANKL expression in primary tumor or in bone metastatic samples, and RANKL serum levels did not correlate with the presence of bone metastases. In particular, serum RANKL values were lower in patients than in controls, confirming our finding on RANKL-independent osteoclastogenesis. OPG was expressed in primary tumor and bone metastatic samples, according to a previous report that OPG provides a survival advantage to cancer cells (32) . OPG correlates with aggressiveness and poor prognosis of gastric carcinoma (33). We did not observe any correlation between OPG expression and osteoclastogenesis, likely due to the RANKL-independence of osteoclastogenesis in our cohort of patients.
DKK-1 and SOST are soluble inhibitors of canonical WNT signaling (34) , which plays an important role in bone development by inhibiting OC differentiation (35) , stimulating osteoblastogenesis and mineralizing activity of osteoblasts (36) . We detected DKK-1 expression in primary tumor, according to previously published data reporting its expression in some human specimens of tumors, and suggesting that a cancermediated modulation of WNT activity affects the metastatic phenotype (37) (38) (39) . SOST was only detected in bone metastatic samples, according to the specific expression of these molecules by bone cells (34) .
Since the collected data did not link RANKL to the bone metastasis pathogenesis, we investigated the potential involvement of RANKL in the tumor-induced angiogenesis. Previous data reported an inhibitory role of RANKL in angiogenesis (14, 15) , which could explain its lower serum levels in patients compared to controls. To evaluate angiogenesis, we administered serum VEGF, which is a key angiogenic factor mediating neo-vascularization and could act as a surrogate marker of tumor angiogenesis (40) . Unlike RANKL, the VEGF serum levels were higher in gastric patients than in controls, suggesting a block of the angiogenesis inhibition due to RANKL. We also evaluated the prognostic value of serum RANKL and VEGF, as in gastric cancer VEGF has been described as an independent prognostic factor of survival (18, 41) . In our cohort of patients neither RANKL nor VEGF showed significant differences in the OS.
To our knowledge, this is the first study to investigate osteoclastogenesis and to evaluate the role of RANKL in gastric cancer. Although this study has certain limitations with regard to the single-centre design of this study and its small sample size, we aim to open new perspectives in the investigation of the molecular mechanisms involved in this process.
In conclusion, our results suggest that the common parameters and molecules regulating bone metastases in osteotropic solid tumors, such as breast, lung and prostate cancer, do not appear to be involved in the pathogenesis of bone metastases from gastric cancer. Indeed, neither spontaneous osteoclastogenesis in vitro nor serum RANKL concentrations correlated with bone metastases. RANKL could play a role in the angio genesis of gastric cancer, however further investigations to define its pathophysiological role in gastric carcinoma are warranted.
